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Soil water characteristic curves are a
prerequisite for quantifying the field soil
water balance and predicting water flow
in unsaturated soils. The spatial variation
of water retention in the root zone influ-
ences water availability for plants, evap-
oration, and fluxes of water and solutes
through soils. The purpose of this study
was to determine the ability of a popular
model for the soil water retention function
to describe the spatial variability of meas-
ured retention data and to investigate the
application of a water content scaling the-
ory to reduce the apparent spatial varia-
tion of soil water retention. Using a com-
bination of Tempe cells and 1.5-MPa pres-
sure plate extractors, we measured soil
water retention at six pressure heads. In
total, 281 undisturbed soil core samples
were taken from the Ap horizon (O to 17-
cm depth increments) along an 80-m tran-
sect on a bare silt loam soil at 0.30-cm
intervals. Sample statistics were calcu-
lated to identify outliers and erroneous
data. A four-parameter retention model (6.,
8., a, N) was fitted to the data, and water
content scale factors were also calculated.
The soil water retention model was found
to be extremely flexible in fitting the meas-
ured data. The parameters in the retention
model showed a structured variance with
a range of influence between 12 and 30.
The number of parameters needed to char-
acterize the field variability was 912 for
the retention model. Scaling theory ap-
plied to the water retention data signifi-
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cantly reduced the apparent spatial varia-
bility. One scale factor also showed a struc-
tured variance, indicating a spatial
correlation distance of greater than 30 m.
Using the Akaike information criterion,
we found that scaling theory could ade-
quately represent the spatial variation in
water retention with only 460 parameters.
Sampling, calibration and/or experimental
errors were thought to account for more
than 50% of the total variability.

Over the past 2 decades, soil scientists have
become increasingly interested in characterizing
the spatial variation of soil properties. Recent
reviews of soil physics literature by Warrick and
Nielsen (1985), Peck (1983), and Jury (1985)
have revealed that water flow and transport
properties are among the most variable. Knowl-
edge of these properties is essential for the reli-
able application of numerical solutions to field
scale flow and transport problems (Greminger
et al. 1985).

Soil water retention, a fundamental water
flow property, is a prerequisite for quantifying
soil water balance and water flow in unsaturated
field soils. The spatial variation of water reten-
tion in the root zone influences water availabil-
ity for plant uptake, evaporation, and fluxes of
water and solutes through the soil profile. Ac-
curate assessment of water retention parameters
and their spatial characterization could improve
the utility of soil classification systems by ena-
bling users to anticipate levels of variability
associated with water and solute transport.

Numerous strategies for estimating soil water
retention and/or specific retention parameters
have been reported. Jury (1985) categorized the
strategies as (i) empirical relationships (corre-
lations) with other soil properties, (ii) scaling
theories for reducing the apparent variability,
and (iii) theory of regionalized variables for
characterizing the variability.

Intuitively, soil scientists have related soil
texture, structure, clay mineralogy, and organic
matter content to soil water retention. However,
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these relationships are at best empirical. For
example, Williams et a. (1983) reported that an
empirical approach based on knowledge of soil
structure, textural composition, and clay min-
eralogy had some value in predicting retention
functions of a wide variety of Australian soils
(44 horizons). Wosten and van Genuchten
(1988) concluded that soil hydraulic function
parameters could be estimated from texture,
organic matter content, and bulk density meas-
urements. However, they stated that their
regression models should only be used to derive
soil hydraulic functions for large spatialy vari-
able areas of land.

Spatially variable soil water retention prop-
erties have been characterized in other studies
by using the concept of similar media scaing.
This method was introduced by Miller and
Miller (1956), and its concepts and limitations
were reiterated and assessed later by Miller
(1980), Tillotson and Nielsen (1984), and Spos-
ito and Jury (1985). Warrick et al. (1977) used
similar media scaling to reduce the apparent
spatial variability of soil water retention from
soils at three different geographic locations.
Simmons et a. (1979) extended similar media
scaling theory and calculated scale factors to
characterize the spatial variability of field water
retention measurements.

Spatia variability of soil water retention has
also been intensively studied using the theory of
regionalized variables. Ggjem (1981), Yeh et al.
(1986), Greminger et a. (1985), and Burden and
Selim (1989) measured field moisture retention,
and compared the spatial variance structure of
water retention to that of other soil properties
such as bulk density and particle size distribu-
tion. Burden and Selim (1989) found a signifi-
cant cross-correlation between water content at
0.03 MPa and bulk density for the Olivier silt
loam soil.

In this study we used the Burden and Selim
(1989) data to investigate the ability of the van
Genuchten (1980) model to describe a large
number of measured soil water retention curves
taken from a spatially variable field soil. The
spatial variation of the model parameters was
compared to that of several soil physical prop-
erties such as bulk density and textural compo-
sition. We also investigated the applicability of
a water content scaling theory (Shouse et d.
1992) to reduce the apparent spatial variability
of water retention along the 80-m transect.

MATERIALS AND METHODS

Experimental field site

The transect was located in an uncropped field
a the Louisiana State University, Burden Re-
search Plantation, Baton Rouge, LA. A profile
description was made previously as part of an
instantaneous profile experiment [see Rémkens
et a. (1986) for a detailed description]. The soil
was classified as an Olivier st loam (fine-silty,
mixed thermic Aquic Fragiudalf).

Soil sampling

Undisturbed soil cores (5.08-cm diameter;
191-cm length) were taken from the Ap horizon
(O to 17-cm depth) at 30-cm intervals along an
80-m east-west transect (281 total sample sites).
Samples were collected 3 days after a 1.68-cm
rainfall and were assumed to be near field ca
pacity. We used a hydraulic soil probe to push
cores into the soil; no compaction was observed.
Hand trowels were used to excavate the cores,
which were then trimmed, sealed in parafilm,
and stored in plastic bags to minimize moisture
loss until laboratory measurements were made.

Laboratory measurements

Six pressure heads were selected for the soil
water characteristic curve: 0, 0.005, 0.01, 0.03,
0.1, and 1.5 MPa (Note: pressure head was as-
sumed to be equivalent to minus the applied
pressure, negative sign has been omitted; in-
creasing applied pressure equals decreasing
pressure head (dryer soil)). Water retention
measurements in the 0 to O.I-MPa range were
made ‘using Tempe cells equipped with a O.l-
MPa porous plate. Water retention at 1.5 MPa
was measured using a 1.5-MPa ceramic plate
extractor.

The soil cores were put into the Tempe cells
and saturated for 48 hours before application of
pressure. Water was introduced from the bottom
of the soil cores to reduce the amount of en-
trapped air in the soil. The pressure was adjusted
sequentialy to the preselected points, and the
outflow measured after equilibrium was reached.

Cores were removed from the Tempe cells
after equilibrating with 0.1 MPa pressure. At
this time saturated hydraulic conductivity meas-
urements were made on the core samples follow-
ing another 48 h of saturation. We used the
constant head method (Klute and Dirksen
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1986), with water flow in the downward direc-
tion. After measuring the saturated conductiv-
ity, the 1.5MPa water content was measured.
Bulk density and particle size distribution were
also determined on each core [see Burden and
Selim (1989) for a complete description of the
experimental methods].

Data analysis

Empirical frequency distributions were ex-
amined for the water content (0) data at any
given pressure head (h), as well as for bulk
density, silt content, and clay content. Standard
methods (assuming normal probability distri-
butions) of outlier detection (Dixon 1986) were
used to develop a two-tier outlier rejection
scheme. A soil water retention data set was
eliminated from the analyses if two or more of
the following conditions were met: (i) the data
set contained one or more O outliers at a given
h, (ii) one or more retention data points were
missing from the data set, or (iii) the data set
contained physically unrealistic retention val-
ues, e.g., when a measured 0 exceeded the cal-
culated porosity (¢), or when 0 increased signif-
icantly with decreased h.

All measured water retention values at 0 MPa
were deleted from the data set. A systematic
measurement error, i.e., “over filling” the Tempe
cell with water, caused this water content to be
much larger than the porosity, ¢, calculated
using the expression (Danielson and Sutherlund
1986)

Pb

¢ ! Pp (1)
where p, is the bulk density and p, is the particle
density (assumed to be 2.65). The remaining
retention data sets were analyzed in terms of
the retention model of van Genuchten (1980).
Estimates of the four unknown parameters (0,,
8., a, and n) in Eq. (2) were obtained using the
RETC parameter optimization computer pro-
gram (van Genuchten et al., 1991).

as_ Of
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where 0, is the residual water content, O, is the
saturated water content, « and n are fitting
parameters, and m=1 -l/n.

The scaling method introduced by Shouse et
al. (1992) was used to scale the water contents

according to the simple linear scaling relation
O*(h*) = a + b#(h) (3)

where 6*(h*) is the soil water retention at a
certain reference site, a and b are site-specific
scale factors, and O(h) is the measured water
retention at any position along the transect. We
used a previously determined soil water reten-
tion curve for the Ap horizon (Rémkens et al.
1986) as the reference. This retention curve was
obtained using water contents measured at sev-
eral additional pressure heads as well as several
replicate water contents at each pressure head.
Semivariogram analysis (Isaaks and Srivas-
tava 1989) was used to characterize the spatial
dependency of the four retention model param-
eters (Eq. 2) and the two scale factors (Eg. 3).

RESULTS AND DISCUSSION

Results of our outlier identification and rejec-
tion protocol for the water content at 0.1 MPa
(60.1) are depicted in Fig. la and Ib. While there
still appears to be an-outlier in Fig. Ib, this
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Fic. 1. Frequency distribution for water content at
0.1 MPa: a) original full data set, b) outliers removed.



4 SHOUSE, RUSSELL, BURDEN, SELIM, SISSON AND VAN GENUCHTEN

outlier was not removed because only one rejec-
tion criterion was satisfied. A total of 53 reten-
tion data sets (19% of the original data) were
discarded. Table 1 lists the statistical moments
for the original data (in parenthesis) as well as
for the data after the outliers were removed.
Removing outliers clearly decreased values of
skewness, kurtosis, variance, and coefficients of
variation (CV) and increased the probability
that the statistical distributions were normal
(increased W values, the closer the valueisto 1
the higher the probability the data are normally
distributed).

Detailed characterization of the experimental
site was presented previously by Davidoff et a.
(1986), Selim et a. (1987), Davidoff and Selim
(1988), and Burden and Selim (1989) and to a
certain extent by Rémkens et al. (1986). We will
present data on the spatial distribution of silt
and clay contents and bulk density to help illus-
trate the relationships between these soil prop-
erties and the water retention parameters and
scale factors. Figure 2 shows the distributions
along the transect of clay and silt content, bulk
density, and water content retained at 0.03 MPa.
Notice that, in general, the values for clay and
silt content show somewhat opposite relation-

ships with increasing distance. Clay content in-
creased between 45 and 68 m, whereas the silt
content decreased over the interval. Bulk den-
Sity aso increased dlightly along the transect.
Water retained at 0.03 MPa (as well as at other
pressures as shown in Burden and Selim (1989))
decreased with increasing distance, presumably
in response to a lower silt content and a higher
bulk density. The significant correlations among
variables listed in Table 2 indicate that soil
textural composition and structure can account
for some variations in water retention.

In his review of field variability of soil physica
properties, Peck (1983) noted that water con-
tents measured at a given pressure head were
approximated closely by normal probability dis-
tributions. He also mentioned that distributions
with larger CVs were often more skewed. Results
in Table 1 indicate that our water retention data
at pressure heads greater (wetter) than 0.03
MPa have lower CVs than the data at lower
(dryer) pressure heads. This conclusion was also
reported by Jury (1985) and Warrick and Niel-
sen (1980). Greminger et a. (1985) reported that
the CVs for water contents measured during a
fidld drainage experiment increased with de-
creasing (dryer) pressure head as measured by

TABLE 1
Statistical analysis of retention data

Variable O%ger?\eg{ioorfs Mean Median Variance Kurtosis Skewness  CV(%) we
Orc 228 0.4262 0.4307 0.0012 0.30 -0.47 8.2 0.97
(m®/m®) (280) (0.4283)  (0.4324)  (0.0013) (0.32) (-0.59) (8.4)  (0.%)
b6 228 0.5337 0.5274 0.0013 -0.33 0.37 6.8 0.97
(m®/m®) (269) (0.5443)  (0.5366)  (0.0023) (1.03) (0.95) 8.7 (093
Bo.005 228 0.4772 0.4734 0.0006 1.23 0.73 5.3 0.97
(m®/m?) (270) (0.4853)  (0.4769)  (0.0017) (5.15) (1.76) (84)  (0.85)
Bo.01 228 0.4662 0.4632 0.0006 0.96 0.65 5.2 0.97
(m®/m®) (269) (0.4715)  (0.4653)  (0.0015) (5.62) (1.02) 8.3)  (0.89)
Bo.03 228 0.4293 0.4265 0.0010 -0.14 -0.09 7.4 0.98
(m®/m?) (269) (0.4310)  (0.4286)  (0.0017) (4.01) (-0.40) 9.6) (0.97)
601 228 0.2694 0.2576 0.0016 1.27 1.26 14.9 0.93
(m®/m?%) (266) (0.2727)  (0.2598)  (0.0023) (2.67) (1.20) (17.6) (0.91)
b5 228 0.1430 0.1351 0.0007 5.97 2.22 18.2 0.81
(m®/m®) (264) (0.1437)  (0.1350)  (0.0009) (4.47) (1.99) (20.3) (0.80)
Silt 228 81.52 82.00 10.55 0.33 -0.30 4.0 0.98
(%) (279) (81.72) (82.00) (11.24) (0.82) (0.26) 4.1) (097
Clay 228 8.9 8.2 7.24 0.31 0.87 30.4 0.92
(%) (279) 8.7 (8.0) (7.10) (0.35) (0.90) (30.6) (0.92)
oy 228 1.35 1.36 0.0029 1.60 -0.78 4.0 0.97
(Mg/m®) (280) (1.35) (1.36)  (0.0033) (1.05) (-0.77) (4.3)  (0.96)

¢ Shapiro-Wilk test statistic.
Original data inside the parentheses.
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Fic. 2. Spatial distribution of selected physical
characteristics of the Olivier silt loam soil: a) clay

water content (m*® /m® bulk density (Mg/m®

tensiometers. The widely observed increase in
the variability of measured water retention with
decreasing pressure head may have implications
for future experimental design.

Soil water retention model analysis

Table 3 summarizes the statistical moments
for the estimated soil water retention model
parameters. The nearly identicadl mean and me-
dian values for each parameter suggest that the
distributions are symmetrical. Saturated water
content had the lowest CV, and 8. had the high-
est. Thirteen values for 6, were estimated to be
zero; the next lowest vaue was 0.087. This result
may explain the larger CV for 8, compared with
6,. The CV for o was about 28%, and the range
of vaues spanned approximately one order of
magnitude (0.00081-0.00495). Greminger et al.
(1985) aso found a wide range of a vaues,
spanning severa orders of magnitude and hav-
ing a CV exceeding 55%, at least twice as large
as ours. They aso found « and n to be lognor-
mally distributed. In our case, « was more nor-
mally than lognormally distributed, but n was
normally distributed. This difference between
our results and those of Greminger et al. (1985)
may be indicative of the differences encountered
between field- and laboratory-measured reten-

content, h) silt content, c) bulk density, d) water
content at 0.03 MPa.

TABLE 2
Correlation matrix for soil physical properties
Character ~ Distance Bo.005 bo.01 0.0 B0 273 Pd Clay Silt
Distance
6 0.005 -.049
(0.0001)
Bo.01 -0.51 0.95
(0.0001) (0.0001)
o0 -0.67 0.77 0.84
(0.0001) (0.0001) (0.0001)
(2%} -0.34 0.62 0.46 0.54
(0.0001) (0.0001) (0.0001) (0.0001)
015 -0.45 0.40 0.39 0.43 0.34
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001)
Po 0.44 -0.30 -0.18 -0.25 -0.17 -0.31
(0.0001) (0.0001) (0.009) (0.0001) (0.009) (0.0001)
Clay 0.28 -0.25 -0.22 -0.29 NS -0.27 0.23
(0.0001) (0.0001) (0.001) (0.0001) (0.0001) (0.0009)
Silt -0.45 0.39 0.36 0.39 0.17 0.28 -0.30 -0.60
(0.008) (0.008) (0.0001) (0.0001) (0.009) (0.0001) (0.0001) (0.0001)
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TABLE 3
Statistical analysis of fitted retention parameters

Parameter O’\tlyggrqvbgic?r];s Mean  Median  Vaiance  Kurtoss  Skewness CV(%) w

0, 228 0.1291 0.1288 0.0018 4.29 -0.88 33.0 0.80
(m®/m?®)

6, 228 0.4736 0.4709 0.00064 -0.33 0.24 5.0 0.98
(m’/m?)

a 228 0.00196 0.00188 3.11x1077 5.45 1.45 28.4 0.92
(L/cm)

n 228 2.351 2.297 0.217 1.08 0.47 199 0.97

tion curves. Unfortunately, few data sets exist
to validate this assertion.

Four typical soil water retention curves, along
with the fitted functions, are shown in Fig. 3.
The results show that the retention model has
great flexibility in describing the measured data.
This flexibility is an important feature when
data exhibit extensive spatial variability. Figure
3 aso shows that the values of 6o.00s, 80.01, @Nd
B0.03 (subscript indicates pressure head) are sim-
ilar for each of the curves and together provide
enough information to define the asymptote ap-
proaching 8,. On the other hand, the asymptote
approaching 6, is defined by only one point, 6,..
Thus 6, is probably less well defined and more
variable than 6, (Fig. 3). Notice that for one
curve (small dashed lines Fig. 3a) does not have
a well defined asymptote, and 6, was estimated
to be zero. The curvesin Fig. 3 suggest that the
range of #, values is larger than that for 4,; fitted
values of zero for 6, did increase the associated
CV (Table 3).

Figure 4 shows the spatia distribution of the
fitted retention function parameters aong the
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Fic. 3. Selected soil water retention curves and
fitted models.
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Fic. 4. Spatia distribution of retention model pa
rameters a) 6, b) 8y, ¢) a d) n.

transect. The 6, parameter (Fig. 4a) appears to
decrease with distance aong the transect. A
comparison of 6, with the measured physica
properties (see Burden and Selim 1989) shows
that 6, apparently follows a spatia pattern sim-
ilar to 6005 Bo.01, @ o3 in that 8, appears to
be loosely associated with changesin silt content
and bulk density. Saturated water content was
found to be highly correlated to 8o.00s(r = 0.99),
o1 ¢=0.97), and fo0s(r=0.77). This result is
not surprising because these retention values
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define the 6, asymptote. Since these values are
correlated with one another (Table 2), they con-
tain much of the same information, and perhaps
an improved measurement strategy could incor-
porate this observation by reducing the number
of data taken near saturation and increasing the
number of data taken in the dry range.

The most striking aspect of the spatia distri-
butions of 6, and 6, is the large variation in the
first 30 to 35 m compared with the variation in
the latter part of the transect (Fig. 4b). This
trend in variance does not appear to be associ-
ated with clay content, silt content, or bulk
density. Results of Burden and Selim (1989)
showed that 6,5 had a similar pattern of varia-
tion.

The parameters « and n (Fig. 4c and d) are
dightly associated with texture and bulk density
(Fig. 2). Both n and 6. have somewhat similar
spatial distributions, as does 6, 5. In fact, n was
found to be correlated with 6, (r = 0.64) and «
with 4, (r = 0.87). Correlations between fitted
parameters may indicate a certain degree of
colinearity, meaning parameters may compen-
sate for each other and produce ambiguous so-
lutions to the parameter optimization routine.

Scaling analysis

Application of the water content scaling
method (Shouse et al. 1992) requires a set of
reference retention parameters. There are sev-
eral methods for determining the reference pa-
rameters, such as using the field-average param-
eter values, using parameters for an arbitrary
site within the transect, measuring the parame-
ters at a site independent of the transect, or
using previousy measured data. In this study,
we used previously published data from a site
adjacent to the transect (Romkens et a. 1986).
This data set was chosen because severa repli-
cate water contents were measured at each pres-
sure head, and more pressure head values were
used for defining the soil water retention curve.
Figure 5 shows the retention data and the fitted
retention model function (r* =.998).

The spatid distributions along the transect of
the two scale factors and the r* vaues for the
linear regressions (Eq. 3) are shown in Fig. 6.
The scale factors, slope (b) and intercept (a), do
not seem to be associated with texture or bulk
density. However, the spatia distribution of b
shows a trend in variation similar to 6, and a,
wheresas the spatia distribution of a was more
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Fic. 5. Reference soil water retention curve and
fitted model for defining scale factors.

like that of 6, and n (see Fig. 4). The spatia
distribution of the r* values for the scaling re-
lationships indicates that most regressions had
high correlation coefficients. Severa sites had
lower r? values (<0.98) because of apparent out-
liers at o.1.

Water content scale factors were found to be
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normally distributed, having coefficients of var-
iation between 7 and 8%. This result is in con-
trast to results reported in severa review articles
(Jury 1985; Peck 1983) that indicate that similar
media scale factors for water retention curves
from spatidly variable field soils are often log-
normally distributed. The mean value of a was
close to zero (-0.00109), and the mean b value
was close to 1 (0.9635).

The ability of water content scaling to reduce
the apparent variability of the soil water reten-
tion curves is illustrated in Fig. 7, which gives
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plots of al measured and scaled versions of the
retention curve as well as the reference model.
The reduced variability in scaled water content
a each pressure is also shown by comparing the
statistical parameters in Tables 1 and 4. Scaling
significantly reduced the CVs of the water con-
tents at given pressure heads.

The water content at the O.I-MPa pressure
seems to be the most variable after scaling. The
CV for 6,5 is dso high compared with others.
This variability was evident in the origina data
and may have been transferred into the scaled
data. Simmons et al. (1979) and Jury (1985)
indicated that an obvious limitation of scaling
theories is that the errors involved in measuring
the properties used to calculate the scale factors
are carried along as part of the scale factor
sample variance. However, the most variable are
those data having a scaling relation r* of less
than 0.98. By comparing Fig. 7aand b, it isclear
that scaling has reduced the apparent variability
of the soil water retention curve.

Geostatistical analysis

Figure 8 shows semivariograms of the four
retention function parameters #6,,8,, «, and n.
The semivariogram for 8, (Fig. 8a) was modeled
using a linear function. The interpretation of
this linear modd is that the spatia continuity
of 8, decreases at a constant rate until the vari-
ance approaches the vaue of the sill (a priori
sample variance). The range of spatial influence
for the 8, semivariogram was found to be be-
tween 20 and 25 m. Semivariograms reported by
Burden and Selim (1989) for water retention
were aso linear, with ranges that varied between
15 and 25 m, depending upon imposed pressure
head. The semivariogram for 8, (Fig. 8b) has an
exponential form indicating that the spatial con-
tinuity decreases sharply for small lag distances,
and then variance approaches the sill value
asymptotically with increasing lag distance. The

TABLE 4
Statistical analysis of scaled retention data

Scaled Water Number of

E:n(ig/t;r;')[ Observations Mean Median Variance Kurtosis Skewness  CV(%) w
Bo.05 228 0.4577 04570 82 x 10™® 0.7 -0.15 2.0 0.96
o0 228 0.4471  0.4474 5.6 % 10°° 5.04 -1.47 17 0.92
Bo.03 228 0.4117 04146 1.7 x 10™* 1.19 -1.07 31 0.92
bo. 228 0.2588 0.2539 6.3 x 10™ 4.88 1.87 9.7 0.82
015 228 01375 01372 24 x10™ 8.60 1.67 11.3 0.90
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data.

range of spatia influence for 6, is also about 20
m. The model semivariograms for « (Fig. 8c)
and n (Fig. 8d) are both exponential, having
ranges of spatial influence of 15 m for « and 29
m for n.

Figure 9 shows the spatia variance structure
for the two scale factorsaand b in Eq. (3). The
semivariogram for the a vaues is linear, indi-
cating a near constant decrease in spatial con-
tinuity as lag distance increases. The semivario-
gram for b is a pure nugget, and the variance
has no spatial structure at lag distances greater
than 0.30 m. The ranges of spatia influence for
ais greater than 30 m, while the range for b is
lessthan 0.3 m.

Model parameters for al semivariograms are
listed in Table 5. The exponential semivario-
gram model was chosen wherever appropriate
because of its generaity, as well as its close
relationship to the exponential distribution of
distances between soil boundaries (McBratney

semivariance

and Webster 1986). Except for the b-scae factor,
the semivariograms for the retention function
parameters, as well as the scale factors, have
ranges of spatia influence similar to those re-
ported by Burden and Selim (1989) for bulk
density, silt content, and water content at field
capacity. This means that the processes respon-
sible for the observed spatial variability in soil
physical properties work at the same scale as
the parametrization of the soil water retention
curve. In addition, the range of spatia influence
may be related to the scale of the sampled area
(Jury 1985).

Another important characteristic of the se-
mivariograms (Figs. 8 and 9) isthe large relative
nugget (nugget variance as a percentage of the
total variance), which is between 30 and 100%.
High frequency variations at distances less than
0.30 m are responsible for a significant portion
of these nugget variances. Since our sampling
distance was about 0.30 m, these nugget values
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0.0004 | 1 L i . ] ) b 1
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Fic. 9. Experimental semivariograms for scae fac-
tors: @ b, b) a Solid lines represent the theoretical
models fitted to the data.
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TABLE 5
Semivariogram model parameters

Variable Model Type R(a;,;;e Co (units)? C, (units)? N}l};;tti‘(,;b)

0, linear 20-25 1.21 x 107° 1.82x 1072 66.5
(m®/m®)

8, exponential 23-26 3.55 X 10™* 451 x 107 78.7
(m*/m?)

a exponential 12-15 1.12 x 1077 3.11 x 1077 36.0
(1/cm)

n exponential 23-26 1.19 x 107! 2.18 x 107! 54.6

a linear >30 7.10 X 107* 1.05 X 1073 67.6

b nugget <0.30 5.60 X 1073 100

2 Sample variance.

may be more closely related to measurement
errors than to high frequency, small scale vari-
ations. Our experience tends to support Selim
and Burden (1989), who found similar relative
nuggets, and attributed them to experimental or
sampling error.

The effectiveness of retention modeling and
scaling may be more rigorously and conveniently
judged by using regression analysis. In this
study, we used regression analysis of predicted
vs. measured water contents in order to deter-
mine the accuracy of the scaling procedure and
the adopted retention model. Figure 10a shows
that the water contents predicted by Eq. (2),
after fitting the model parameters to the data of
each site, produced a very good fit of the meas-
ured data. The slope and intercept of the regres-
sion were not statistically different from one
and zero, respectively, at the 0.01 level. The
same regression analysis for the scale factor
predictions is shown in Fig. 10b. The slope and
intercept of the regression were again not statis-
tically different from one and zero, respectively,
at the 0.01 level. Compared with Fig. 10a, there
is clearly more scatter around the regression line
in Fig. 10b, indicating more variation between
measured and predicted values. The r’s for the
two regressions reflect the degree of correspond-
ence between measured and predicted water
contents. The retention model approach had an
r? = 0.999, whereas the scaling method had an
r* =0.988.

One way of choosing between the two models
for describing the spatial variability of soil water
retention curves is to use a criterion which min-
imizes the number of parameters, while still
requiring adequate representations of the ob-
served data. One such criterion is the Akaike

information criterion (AIC) estimated as

. R
A=jln (-]T)+2p 4)
where A is the estimate of the AIC, j is the
number of observations, R is the residual sum
of squares of deviations from the fitted model,
and p is the total number of parameters (Jury
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Fic. 10. Measured vs. predicted water contents: a)
retention model, b) scaling theory.
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1985; Yost et a. 1982). The model with the
lowest AIC is the modd that most likely strikes
a balance between accuracy and parsimony
(McBratney and Webster, 1986). The AIC for
the retention function method was -2761.4,
with 912 parameters, and the AIC for the scaling
method was -3662.6 with 460 parameters. These
results suggest that the scaling method is more
efficient than the retention function method.

CONCLUSIONS

We found that outlier rejection reduced the
apparent spatial variability of soil water reten-
tion, but outlier rejection is rarely reported in
gpatial variability studiesin soil science. We aso
found that for our spatially variable Olivier sail,
water retention model parameters were nor-
mally distributed. The especialy high CV found
for 4,, when compared with 6,, was associated
with the presence of 13 fitted values of O for 6.
Water content scale factors were found to be
normally distributed, this result differs from
similar media scale factors, which often have
been found to be lognormal.

The scale of spatia influence for the retention
function parameters, the a scale factor, and the
measured physica characteristics of the sail
were similar, approximately 15-30 m. This sug-
gests that the different processes responsible for
gpatial variability operate at the same scale,
and/or that the field size may be the overwhelm-
ing factor determining the range of influence.

The retention function method accurately de-
scribed the spatia variability in moisture reten-
tion function, but the AIC was higher than for
the scaling method. The water content scaling
method for describing the spatial variability of
the soil water retention accurately described the
observed variability. There are several advan-
tages for using scaling; in particular, scaling
reduces the number of parameters needed to
fully characterize the variability while maintain-
ing an acceptable level of accuracy.

The analysis of spatia variability depends on
measurements that were assumed to have little
or no experimental or calibration error. Unfor-
tunately, this is rarely the case. In our study,
50% or more of the variability was attributed to
experimental error. Unfortunately, the effect of
experimental error may give erroneous percep-
tions of redlity, especialy when models are used
to characterize soil water transport properties.
We believe that more information is needed on

experimental error, its causes and remedies. Ex-
perimental technologies need to be developed
that reduce experimenta error and increase pre-
cision.
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